Introduction
The bulk of the plasma in Jupiter's magnetosphere is contributed by volcanic activity 20 on Io. This volcanic activity creates an atmosphere around Io that is then lost to Jupiter's 21 magnetosphere [Thomas et al., 2004; Bagenal et al., 2017a] . The material then becomes 22 ionized via electron collisions or charge exchange [Smyth and Combi, 1988; Smyth, 1992] .
23
Once ionized this material becomes trapped on the magnetic field lines and swept into a 24 torus around Jupiter [Thomas et al., 2004] . This torus of material is called the Io plasma the torus is tilted 2/3 of the way to the magnetic equator from the rotational equator [Hill 28 et al., 1974; Dessler , 2002; Khurana et al., 2004] . The tilt of the magnetic equator with 29 respect to the rotational equator is nominally 9.5 degrees [Dessler , 2002; Bagenal et al., 30 2017a], thus making the tilt of the torus equator with respect to the rotational equator 31 equal to 6.3 degrees. The torus equator is also called the centrifugal equator.
32
The material in the torus has been found to be distributed into three regions along The first equality defines ∆f , the "differential Doppler shift". Here f is frequency, sub-131 scripts R and T refer to received and transmitted, respectively, subscript X refers to 132 X-band, subscript Ka refers to Ka-band, c is the speed of light, t is time, l is distance 133 along the ray path, −e is the electron charge, m e is the electron mass, 0 is the permittiv-
134
ity of free space, N is the electron density, and
is the ratio of downlinked X-band noise source during PJ1 [Folkner et al., 2017] .
X -9
We integrate Equation 1 with respect to time to find N dl, which is the total electron 
Where one total electron content unit (TECU) equals 10
is time since the start of the integration, and ∆t is the time resolution (10 seconds). This 159 equation defines the error on the uncalibrated data (gray region in left panel of Figure   160 3). The standard deviation of ∆f at 10 second integration time at periods outside the 161 window affected by the IPT (before 13 hours and after 15 hours Earth Received Time) is 162 1.1 × 10 −3 Hz. We adopt this value as σ ∆f , the uncertainty in ∆f . 
Background calibration
The background TEC apparent in Figure 3 comes from different areas of the space The TEC contribution from Earth's ionosphere along the line-of-sight between the 167 ground station and the spacecraft is determined using GPS sensors at the ground station.
168
These continuously measure the TEC between the ground station and GPS satellites in Figure 3 . This provided the initial condition 183 used for the initial TEC integration (Section 3.1). The significant increase in ionospheric
184
TEC at the end of the observing period is caused by the spacecraft elevation approaching 185 the horizon, which increases the path length through Earth's ionosphere. The observed
186
TEC corrected for Earth's ionosphere is shown in the middle panel of Figure 3 . To ac-count for error in the calibration we adopt an error of around 2 TECU on the ionosphere
188
[ Thornton and Border , 2000] . Using general error propagation methods gives an error 189 on the data shown as the gray shaded region on the data in the middle panel of Figure   190 3. Note that negative values of TEC seen in the middle panel of Figure 3 on right panel of Figure 3 ). The average error over the observing period is 3.38 TECU
209
with standard deviation of 0.69 TECU.
210
In the right panel of Figure 3 (shown in the right panel of Figure 3 ) is 36.8 ± 2.1 TECU located at 13.93 ± 0.02 hours.
216
These peak properties and their uncertainties were found by a Monte Carlo approach with 217 an ensemble size of 10,000. Each ∆f data point was modified by the addition of a value 218 drawn from a normal distribution with mean zero and standard deviation equal to σ ∆f .
219
The reported peak TEC and its uncertainty are the mean and standard deviation of the Juno and Earth. TEC predictions from Model B are shown in Figure 4 alongside the 251 observed TEC. The major impression from this comparison is that the predicted peak
252
TEC of Model B is significantly less than the observed peak TEC.
253
Predicted and observed peak TEC agree well if all densities in Model B are increased 254 by a factor of 1.37, as shown in Figure 5 . We label this rescaling of Model B as Model C.
255
It should be noted here that the observed time series of TEC is quite insensitive to the now refine the value of the tilt implied by the time of peak TEC.
284
The observed time of the peak TEC is 13.93 ± 0.02 hours. The corresponding model tilt 285 that matches the time of peak TEC is 7.5 ± 0.4 degrees, which is 1.2 ± 0.4 degrees greater 286 than the nominal tilt of 6.3 degrees. This is consistent with the 7.8 degrees suggested by 287 the preceding visual inspection of the residuals. We hypothesize that the slight difference 288 between the results of 7.8 degrees and 7.5 degrees arises because the inspection of residuals 289 was most sensitive to the properties of the warm torus, whereas matching the precise time 290 of peak TEC was most sensitive to the location of the cold torus.
291
Another possible explanation for the discrepancy in the time of peak TEC is that the model that is likely to replace pre-Juno models in most applications.
323
Along with dipole tilt and pole longitude, it is also possible to change the time of peak 324 TEC with a longitudinal variation in density. We used a sinusoidal variation in density of
with A equal to 0. T EC(z) = a 1 e
where a n is the peak TEC, b n is the peak location offset, and c n is the scale height. With "the torus beyond 5.5 R J ". The physical significance of fit parameters a n (peak TEC) and c n (scale height) are self-explanatory. The physical significance of fit parameters b n ,
361
called the peak location offset, is that b n represents the offset of peak TEC above or below 362 the nominal plane of the centrifugal equator. based on Juno radio occultation data.
372
The MCMC fit routine requires initial values for all fit parameters. These were obtained shows observed and Model F TEC(z).
378
We can compare these fit parameters to those predicted based on existing models. We 379 use Model B (Table 1) , which has the nominal torus tilt of 6.3 degrees, to predict TEC(z), 380 then fit the predicted TEC(z) using Equation 5. The parameters a n , b n , and c n found 381 from this fit to Model B are those that would be predicted if the torus was located on the nominal centrifugal equator with the density distribution from the Voyager epoch.
383
Results from this fit to Model B are listed in the first row of 
Interpretation of fitted peak offset values
The peak offset values b 1 and b 2 are shown in Table 2 . Even though Model B was 392 defined to be symmetric about the centrifugal equator, the associated peak offset values 
417
This can be interpreted as differences from the nominal tilt of 6.3 degrees.
418
The difference between predicted positions and fitted positions (Table 2) offset from nominal torus tilt can be calculated using α n = arcsin ∆b 2 n Rn (see Figure 8 ).
422
Here α n is the angle from nominal torus tilt angle in degrees for the corresponding region
423
(1 for cold torus and 2 for warm torus). R n is the radial peak location of the cold torus 424 and the torus beyond 5.5 R J (5.36 and 6.33 R J discussed above). With R n and the ∆b n 's above we can derive the offset tilt angle for each of the torus regions. 
Interpretation of fitted scale heights
The scale heights c 1 and c 2 are shown in work has considered the possibility of torus tilts that differ from the nominal 6.3 degrees.
465
Bird et al. [1993] found that a centrifugal equatorial tilt of 7.7 degrees created better 466 agreement between the Ulysses TEC data and Voyager era models.
Model F has been derived from the PJ1 observations. However, Model F provides TEC, rescale the density and scale height parameters defined for Model B in Table 1 based on   471 the density and scale height parameters found for the fit to PJ1 observations (Model F, 472 Table 2 ). We label this final model as Model G, whose parameters are reported in Table 3 .
473
For Model G we use the different tilts found in each region to determine the z = 0 plane 474 for the density distribution. Thus, the scale height distribution in the model is offset by 475 a value equivalent to the predicted-fitted value for each the cold torus and torus beyond 476 5.5 R J (Ribbon, Warm torus, and Extended torus).
477
The fitted peak TECs for the cold torus and the torus beyond 5.5 R J were 35±14 
496
Returning to the development of Model G, the fitted scale heights for the cold torus 497 and the torus beyond 5.5 R J were 44±15 percent and 2± 9 percent, respectively, greater
498
for Model F than Model B. Consequently, the scale height for the cold torus is 44±15 499 percent greater for Model G than Model B and the scale heights for the ribbon, warm, 500 torus, and extended torus are 2± 9 percent greater for Model G than Model B.
501
These scale heights can be interpreted in terms of the ion temperature of plasma in the 502 torus. In the IPT, the plasma has a diffusive equilibrium distribution along magnetic field 
Here T is the perpendicular ion temperature, H is the scale height, Ω is the Jupiter 508 rotation rate (corresponding to a period of 9.925 hours), < M > is the mean molecular 509 weight of the ion species in the region of interest, and k B is the Boltzmann constant. We 510 assume that the compositions of IPT regions during PJ1 are consistent with previous in situ and remote sensing spectroscopic observations and have the mean ion masses reported 512 in <M> is mean ion mass. The peak location of the cold torus, the peak location of the warm torus, and the region widths (not listed here) are unchanged from Model A of Phipps and Withers [2017] . The reference densities in the second column are the coefficients for the summed Gaussian model representation of the fit to the torus density from Voyager. For the first three rows, the peak densities in the last column are the actual densities that would be observed at the stated peak locations. For the extended torus, the peak density in the last column is the actual density that would be observed at 6.10 R J . Although the peak location for the extended torus is at 5.26 R J , density contributions from the extended torus are only permitted beyond 6.10 R J in this model. Mean ion masses and peak locations are unchanged from Model B ( Table 1 ). The peak location of the Extended torus is the location that the peak density would be observed rather than the location of the peak of the Gaussian in the model which we keep the same as Table 3 
